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Abstract

This article describes the use of btoﬂim reactors for the productmn of various chamlcais by
fermentation and wastewater. treatment. Biofilm formation is a natural process where microbial
cells atrach to the support {adsorbent) or form flocs/aggregates. (2lso called granules) without use.
of chemicals and form thick layers of cells known as "biofiims.” As a result of biofilm formation, cell.
densities in the reactor increase and cell concentrations as high as 74 gl-! can be achiaved. The

reactor configurations can be as simple as 3 batch reactor, contnuous stirred tank reactor (CSTR),

packed bed reactor (PBR), fluidized bed reactor (FBR), aitlift reactor (ALR), upflow anaerobic

sludge blanket (UASB) reacter, or any. other suitable configuration. In UASE granular biofilm
particles are used. This article demonstrates that reactor productivities in these reactors have been

superior to any other reactor types. This article describes production of ethanal, butanol, lactic

acld, acetic acidivinegar, succinic acid, and furnaric acid in addition to wastewater treazment in the

biofilm reactors. As the title suggests, biofilm reactors have high petential to be employed. in

biotechnology/bioconversion indusery for viable economic reasons. In this article, various reactar

types have been compared for the above bioconversion processss,

intmductson : '

Biochemical reactors play an important role in Eht‘ bio-
chemical industry as the rate of reaction, ease, and length
of reactor operation affect reactor productivities:and
hence process economics | 1,2} In order 1o employ amost
approptiate reactor for an induswial operation, reaction
rate should he high and the reactor configuration should
be simple. Under optimized parameters such as pH, tem-
perature, substiate, and medium components, - reaction

1ate can be moreased by increasing cell mass concentras
tion in the reactor. There are two methods commonly
used for increasing cell mass concentration ipside the
reactor; first, use of g permeable membrane to retain cells;
and- the other, use of immobilized cell rechnique. Mem-
brane reactors. allow passing of liquid, subsirate, and
product out of the reactor while. retaining the celis, In
these reactors, high cell concentrations can be achieved
13]. Unformumitely, forsome processes such as waste water
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“Table It A comparison of different types of reactors with blofilm reactors

Reactor Type Comments

Membrane reactor
Advantages
separation
Disadvantages
Immobilized cell reactors
Covalent bond formation
Advantages
{disadvantages

High productivities, high cell concentration can b ae:hieved ms:de the reactor, c!ear permeates for fur ther

Fouling with cells, cost pmh)b:tﬂ thair use in fow cost farge volume chemical production

High cell concentration may be achieved, high productivity
Cell growth inside matrix may be restricted, cells feach out of the matrix and herice centrifugation of

effluent may be required, chemical may affect the calls

Entrapment
" Advantages
Disadvantages

Biofilm
Advantages
and are economic to operate
Disadvantages Effiuent cantrifugation is required

High cell conceritration may be achieved, high pmduttmty
Matrix often starts disintegration with tme, cells feach out of matihe, cenmfuganan of reactor efffuents is
required for further separation

Comparatively high reactor productivities and high cell concentrations are achieved, raactors run longer

treatment, these reactors are not preferred due to their
high cost and problems with fouling. Other processes
where the relatively high cest of these reactors. does not
allow their use include production of large volume, low
cost chemicals such as vinegar or acetic acid.

Other types of reactors that offer high reaction rates are

immohilized cell reactors {4} In these reactors, high cell

concentrations are achieved by fixing them on various
supports. Cells -can be immobilized: by three different
techniques; namely, adsorption, entrapment,-and cova-
lent bond formation. Entrapment and covalent bond for-

mation require use of chemicals that add 1o the cost of

production and perhaps restrict further propagation or
increase in cell concentration inside the reactor, The third
technique is of natural origin as cells "adserbfand adhere®
10 the support naturally and firmly-[4-6]. This technique
is calied "adsorption” and has been used extensivelv in the
literature to adsorb microbial cells. Table | shows a com-
parison of these techniques with the membrane reactors,

It should be noted that some microbial cells leach out
from immobilized cell reactors which require separation

{leached out cells in reactor effluent} prior to product
removal possibly by centrifugation.

in-addition to being a natural process, adsorption can be
performed in.place, and economical adsorbents.are avail-
able. Additionally, these reactors are simple in concept
and construction and the immobilization process s eco-
nomical. Adsorbed celis form cell layers on the support
and eell mass grows inside the reactor over time [7]. These
lavers - of cells are called "biofilms." Biofilms can be used
in varicus types of reactors such as continuous stirred tank
reactors. (C8TRs}, packed- bed reactors {PBRs), fluidized

- reactors include ethanol butanol,

bed reactors {FBRs), aitlift reactors {ALRs), upflow anaer
obic sludge blanket (UASB) reactors, and expanded gran-
ular sludge bed {EGSB) reactors etc. [4,7-11] In these

© Teactors, reaction rates are ustally high as compared-to the

athey types of reactors. On the laboratory, pilot plant, and
industrial scale (some), these reaciors have been very suc
cessful and examples include waste warter treatment 12|
and vinegar or acetic acid {13] production. In addition 1o
these, other processes that have employed these biofilm
lactic acid, fumaric
acid, and succinic acid production: Since they offer high
reaction rates and-are economical, this review becomes
their subject matter. In the authors’ view, this natural
process of biofilm formation can be emploved to econo-
mize production of various chemicals by fermentation on
a large scale {13} In biofilm reactors, cell concentrations
as high as 74-gl ! can be achieved |7]. I addition, the cell
layers in bieparticles become highly active, thus contrib-
uting to the high reactor productivities. Within fluidized
bed reactors, the biofihm particles are of various shapes
{including spherical and irregular shapes) and these reac-
tors can be operated for long periods of tirmne. The amount
of adsorbent thar is used in these reactors is low, which
also reduces the cost of the cell support. In biofili reac.
tots, reactor configurations can vary from a simple packed
bed reactor to fluidized bed, UASB, and airlifi reactors as
described in this article.

Biofilm Formation .
Various types of biofilms.
In nature, biofilms exist pnmaﬂ]v as complex muhz spe»
cies communities of bacteria in which each species filis 4n
ecological niche within the biofilm depending on it
metabolism.and morphology [14]. The nature of mixed
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culture biofilms is dependent on which species are present
and what role each species fills. For instance, a single spe-
cles may utilize anaerobic fermentation deep within one
biofilm in one environment, but may utilize an aerobic
metabolism in another environment in the presence of
different neighboring biofilm species. Multi-species bio-
{itms are important clinically as well as industrially. Glin-
ically, biofilms are important as the source of persistent
miccamm They are responsible for: dental carfes - and
nosocamial infections, as well as a variety of other infec-
tions and diseases [13]. Industrially, -biofilms are detri-
mental in many cases and beneficial in many others. For
instance, natural biofilms can reduce heat transfer in heat
exchangers and cooling towers [16], foul reverse osmosis
membranes [17], and contaminate food processing
equipment [18]. Multi-species biofilins are used industri:
ally w achieve several aims including the treatment of
wastewater for rernoval of organics [19;20] and heavy
metals [21]. The presence of multiple species aliows for
the treatment of waste streams that are diverse in compo-
sition and that fluctuate in component concentration.

Single species biofilm are used o produce industrially
important chemicals [22,23]. Such biofilms can exist in
some situations and are important industrially, although
in nature they are not the norm. For example, in nature,
an immature biofilm that is resultant from the attachment
and growth of a single cell'may exist as a’single species
biofilm before incorporating other species. For chemical
production, single species biofilms are important because
ihey attow for control and maximization of desired prod-
ucts: In this case, a single species is inoculated into a sterile
environment and alfowed to form a biofilm before being
used to'praduce a particular chernical product.

In industrial applications including wastewater treatment,
usually two types of biofilms are employed, namely, bio-
films that grow ofle supports such as charcoal, resin,
bonechar; concrete, day brick, or sand particles, and bio-
films that are formed as a result of flocs and aggregate for-
mation. On the above supports, biomass grows ail around
the particles and the size of the biofilm particles grows
with time usually to several mm'in diameter. The density
of the support particles is usually higher than the fermen-
tation broth and for this reason bioparticles tend to
remain in the lower section of the reactor. Another type of
biofilm is where no support is used and cells form bhio-
mass granules and Hocs that also grow-in size with time,
This type of biofilm is called granular biofilm and the
reactor where this biofilm is used is called granular bio-
film reactor. Granule formation may take from several
weeks 10 several months. The cells produce exiraceliular
polymeric substances (EPS) that binds the cells firmly in
the form of flocs and aggregates. The most commonly
used bioreactors that fall in this category are upflow anaer-

obic sludge blanket {UIASB) reactors. that are used 1o treat
domestic and industrial wastewater anaerobically. Sponza
{24] examined anaerobic granulation process in a LASB
to remove tetrachloroethylene. In some cases expanded
bed biofilm reactors have been used with granular biofilm
particles that are called expanded granudar s udgs bed
(EGERB} reactors.

Mechanism of biofily formation

A biofilm is defined as a stuctured community of bacte-
rial cells enclosed in a self-produced polymeric matrix and
adherent to an inert or living surface {15]. In-general, there
are four stages 'to-the development of a mature biofilm:
initial attachment, irrevessible attachment by the produc-
tion of extracellular pelymeric substances (EPS), carly
development, and ‘mawration of biofilm architecture
[14]. :

Thelife of a biofilm starts with the planktonic or free float-
ing cell. In-order for a-planktonic cell to-attach to a surface,
it mutst first interact with the surface. Surfaces immersed in
an agueous solution vsually acquire a surface charge
which attracts: and concentrates. inorganic solutes, and
charged orhighly polar organic molecules. The concentra-
tion of cations, glvcoproteins, proteins, and erganic mol-
ecules at the surface can provide a relatively nuiritious
zone for bacteria-corpared to the bulk aqueous environ-
ment{25]. Inaddition, {luid flow in the boundary region
near the surface can be considered negligible which allows
bacteria to approdch the surface. Once near the surface, it
will either-approach the surface by Brownian motion or
move by chemotaxis towards the surface in response to
the chemical concentration gradient {25]. When at the
interface, the ¢ell will form a temporary association witls
the surface or microbes already present on the surface
[26].

After initial association with the surface, a planktonic bac.
terial cell can dissociate from: the surface and resume the
planktonic state or become: irreversibly attached to the
surface. Irreversible attachment involves the production
of EPS. EPS serves to bind-the celbto the surface and to
protect it from the strrounding environment. EPS can be
composed of polysaccharides; proteins, nucleic acids, or
phospholipids. A common EPS produced. by bacterial
cells in biofilms is the exopolysaccharide alginate: In bio-
film associated cells of Pseudomonas aeruginosa, transcrip-
tion of algC; the gene involved in-alginate production, was
fourfold that in plankionic cells [27]. EPS provide
protection to biofilin cells by providing a diffusive barrier
to any toxi¢ compounds that could harm (he cells as well
as g barrier to phagocytes and bacteriocides. The EPS can
also tepresent a barrier 1o nutients necessary for cell
growth, Cells in the interior of a biofilm often show . a
much reduced rate of growth and cell division rate may be
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near zero 126,28]. The reduced growth rate is itsel protec-
tive because uptake of toxic substances s also reduced.
The presence of the EPS matriy may-also serve as-a spatlal
restrictor of cell growth and division.

Water and nutrient diffusion into the interior of a biofilm
is highly limited. As biofilms mature, water channels can
develop that allow water and nutrient access deeper into
the biofilm. These channels partially relieve the diffusion
limitation within the biofilm. Thearchitecture of the bio-
film develops in response to shear forces. In low shear
envirenments, biofilms can form as thick mushreom-like
masses. In high shear environments, biofilms-may be {lat-
ter or-form long strands {29L

A finalstage that may occur in the life of a biofilm is rever-
ston of part of the cells to the planktonic state. When cells
living in biofilm take up nutrients, they channel much of
that energy towards production of EPS rather than to cell
growth and division. When nutrients become scarce, cells
must escape the EPS matrix or be trapped in an unfavora-
ble environment. Biofilm associated cells are able to pro-
duce enzymes capable of breaking down the EPS matrix in
umes of nutrient starvation. Psendomonas fluorescens. is
able to produce an exopolysaccharide lyase under starva-
tion conditions |30]. The enzyme serves not onlyta break
down the polysaccharide martrix allowing cells w find
nutrients elsewhere, but the degraded EPS can often be
used as a food source for the nutrient deprived cells. In

addition to cell detachment due to stasvation or nuirient

deficiency, there are other detachment processes such as
abrasion, shear stress, sloughing and grazing. Providing
detailed accounts of these processes is considered beyond
the scope of this article.

Factors enhancing biofilm fermatwn

Several parameters affect how quickly biofilms form and
mature, including surface, cellular, and environmental
factors: The surface onto which cells will attach has an
important impact on biofiim formation. Rough surfaces
iend 1o enhance biofilm fosmation {31} Shear forces are
lower near a rough surface, and there is a larger surface
area to-which cells can adhere, Porous materials also work
well for biofilm formation. Shear {otces are very low
inside pores even under conditions where bulk fluid
velocity is high. Pores provide a protected environment
for cells 1o attach and grow. Porous materials such as brick
and bonechar have been used to immobilize Clostridium
cells used in biofilm reactors 122,32]. Biofilm formation
also tends to increase with the hydrophobicity of the sur-
face material [28]. Biofilms form much more rapidly on
Tetlon and other plastics than glass or metal. Possibly.this
is due to differences in hydrophobicity of the surfaces and
ionic charges [28].

The amount of putrients present in the medium can affect
the rate of biofilm formadon. Biofilms tend to form more
readily in the presence of ample nuttients |33} One func-
tion of the biofilm i to anchor cells in a friendly, nutrient
rich-environment. Phosphorus is a pardcularly important
nutrient. Cells saturated with phosphaie have a higher
tendency to flocculate and adhere due (o their increased

‘hydrophobicity, while those cells depleted in phosphate

are more hydrophilicand less likely to adhere {34].

Temperature can have an effect on biofilm: formation.
Temperatures-at the high end of a culture's growth range
can enhance biofilm formatien. Depending upon the spe-

cies involved, high ternperature increases the rate of cell

growth, EPS production, and surface adhesion, all of

which enhance biofilm formation |25].

Cellular facrors may affect biofilm formation. A hydro-
phobic cell will be more able to overcome the initial elec-
trostatic repulsion with the solid surface and adhere more
readily. The presence of fimbriae, proteinaceous bacterial
appendages high in hydrophobic amino acids, can
increase. celt surface hydrophebicity {28,35]. Flagellated

-cells show increased ability to-attach to surfaces. Flagellar

motility may serve 1o overcome initial electrostatic surface
repulsion.

Galenlutions and dato preseniation

In a continuous process,- productivity (gh1!) is calew
lated as the product concentration in gh-! liguid muld-
plied by the dilution rate {lv1). In a batch process,
productivity is calculated as the product concentration in
gl liquid divided by the fermentation time {(h}. Specific
productivity (1) is calculated as productvity {gl1h1)
divided by cell or protein concentration {gh-']. Dilution
rate {feed flow per reactor volume per h) can be based on
total volume of the continuous reactor or void volume. In
fully or partially packed bed reaciors, void volume is total
reactor volume minus the volume occupied by the cell
support. For a particular ffow rate, dilution rate based on
void volume is higher than based on the total reactor vol-
ume. In this article, reactor productivities based on both
total reactor volume and void volume have been reported
as mentioned by the different authors. The reader is
advised thae it is difficult to correlate/compare the two
productivities {based on total reactor volume or void vol-
ume) unless void volume fraction {void volume/total vol-
urne) is given along with the flow/feed rate. Residence
time (h) in the reactor can be calculated by inversing the
dilution rate (h'). :

Types of biofilm reoctors
Biofilm reactors can be assembled ina numbex of mnﬁg—
urations including batch, continuous stirted tank {CSTR;

including agitating continuous teactors, .and . rofary
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continuous reactors), packed bed (PBR), wiickling bed
{TBR}, fluidized bed {FBR), airlift reactors {ALR}, upflow
anaerobic sludge blanket {LIASB), and expanded bed reac-
to1s, The operation of these veaciors changes from reactor
1o reactor, In g batch biofilm reactor, the immobilized
cells have to be wutilized for repeated batches. However, it
is likely that during the late stationary phase of chemical
production the culture would experience inhibition thus
reducing productivity. Also, in a batch reactor, productiv-
ity would be reduced: dué to downtime necessary to fill
and empty the reactor. If the reactor is packed with bio-
film particles, some cells may die or become inactive due
1o lack of feed during emptying and filling of the reactor.
As a result, it is viewed that batch reactors are not practical
for biofiims.

Inna CSTR feed medium i fed to the reactor and product
is withdrawn at the same rate as feed. They are stirred
using a mechanical device such as impéller. CSTRs cannot
be packed with the adsarbent support covered by biofilms
as no agitation can be provided in that case. However,
they can be used if fibrous bed support is used for adsorp-
tion of cells. In that case, cells can grow and form a bio-
film on the fibrous bed. In such a case agitation can be
provided. This type of system was used for the production
of butanol {36] and lactic acid }37] in continuous opera-
tion with a constant feed and a constant effluent from the
reactor. In some cases, there may be excessive growth on
the surface of the fibrous bed, and the cell layers may be
sheared off the support. This type of fibrous bed bioftlm
(CSTRsare called as agitating continuous reactors. Another
iype of CSTRs called rotating CSTRs have same length/
diameter {L/D} tatio as in CSTRs. The rotating CSTRa are
placed horizontally (lengthwise) and are rotated along the
horizontal axis.

PBRs are different types:of reactors as they are packed with
suitable support material followed by inoculation with
the culture to form biofilm. The reactor is supplied with a
feed that is not deficient in nutrients. Depending on the
culture, nutrients, and support, biofilm formation may
take a few o several days, Such reactors are usually fed at
the bottom, thus getting product at the top of the reactor.
However, these reactors are prone to blockade due 1o
excessive cell growth, In G acetobutylicum/C. beijerinchii
biofilm packed bed reactors, reaction rates up 1o 45 times
that of the baich {control) reactors have been obtained
[38,39].

TBRs are different from PBRs as they (TBR) dre fed at the
top of the reactor thus obtaining product at the botom.
However, in such reactors some of the biofilms may not
get sufficient feed thus affecting reactor efficiency/produc-
tivity adversely. Also, in gaseows fermentations gas may
occupy significant space in the peactor and may form stag-

nant pockeis. This also may affect the efficiency of the
reactor. In anaerobic waste water treatthent and acetic acid
production, these reactors have been used at large scale
successflly.

FBRs have played-a successtul role in the degradation ol
toxic phenolic chemicals }40-43] and butanol production
139,441 In these reactors, cell growth occues around the
adsorbent particles. Formation of active biofilms around
the particles and accumulation of sufficient biomass in
the reactor may take from 2 to 4 weeks. A major advantage
in these reactors is that they can be.operated for much
longer periods than PBR or CSTRs (with fibrous bed).
These reactors do not biock due to excessive growth. In
these reactors butanol production was increased by
approximately 40-50 times that of the batch-reaciors.
These reactors have been operated successfully for tonger
than 4 months in continuous operation {(Unpublished
data, Qureshi and Maddox],

Airlift reactors contain wo concentric tubes; a riser (an
inner tbe} and a downcomer {(an outer tube). In these
reactors, mixing is achieved by circulating essentially air at
the bottom of the reactor, As a tesult of force applied by
the air {at the bottom of the inner tube). the liquid in the
inner tube moves up which then overflows {the inner
tbe) downward thus creating eddies to mix the liquid. In
some of the airdift reactors downcomer is replaced with an
external loop to circulate fermentation broth. Such reac-
tors where air s replaced by an anaerobic gas are called
gaslift reactors.

Upftow angerobic sludge blanket {UIASE) reactors {con-
tain granular biofilm particles) are used for anaerobic
treatment of wastewater/industrial effluents. As the name
suggests, the flow in these reactors is in upward direction.
At the top of the reacior provisions are made for gas/es (o
escape and sludge particles 1o setle o the bottom part of
the reactor. Reactor effluent is removed from the top of
the reactor. LIASB reactor was developed by Lettinga et al.
{9]. Fig. 1 shows a schemalic diagram of various reactors
and biofilm particles.

Biofilm reactors in biological wastewater treatment

The application of biofilm technology in wastewater treat-
ment originated from the indusina) operation of tickling
filters in the early 1880s.in Wales, Crear Britain |45}, Bio-
film. processes in wastewater treatiment can be divided
into two categories:namely:{ 1) the fixed-medium systems
where the biofilm media are static in the reactots and the
biclogical reactions take place in the biofilm developed
on the static media, and {2} the moving-medium systems
where the biofilm media are kept continually moving by
means of rmechanical, hydraulie, or air forces [46]. The
moving-fnedium. systems include rotating  biological
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Figure |
Schematic diagrams of various types of biofilm reactors and
biofilm particles. . :

contactors, Tnoving-bed: bicfilm reactors, vertically mov-
ing bioflm reactors, and Auidized bed biofilm reactors;
while the: fixed-medium systems include trickling filters
and- biological serated fillers. |46} Rotating biological
contactors {RBC) have beenn widely used in biological
treatment of wastewater for reducing chemical oxygen
demand. {COD}/biological - oxygen demand (BOD)
[47.48] and niuificationfdenitrification purposes |48,49L
Rotating biclogical contactors treat wastewater streams
using a thin biofilm of acrobic microorganisms on rotat-
ing cylinders or biodiscs. The rate of rotation is selected to
provide ‘optimum contact of the waste sueam with the
biofilm for efficient oxygen transfer and bioactivity.

it shaould be noted that before a biofilm-based treatment
systemyis 1o be considered for the treatment of wastewater,
it is necessary to determine whether the naturally occur-
ring microorganisms are-able to produce biofilms; while

simultanecusly reducing the COD of the wastewater, or if
there is a need to inoculate the reactor with external bic-
terial strains. The most commonly used rotating biofilm
contactor is the:rotating biodisc and:its various modifica-
tions [48]. For the treatment of high' suength wastewater,
gentle aeration. of the liquid phase has been shown 1o
improve the COD reduction of the system by about 40%
[50}. In a related study, Kargl and Eker [48] have shown
that a rotating-perforated-tube biofilm reactor is effective
in COD removal from synthetic wastewater composed of
diluted molasses, urea, KH,PQ,, and Mg8Q,. The lquid
phase:in the tank was not aerated, (the total biofilm sur-
face area (A) was 1.34 m?}, and the rotation speed of the
tubes was 5 rpm [48].

in some instances, thermophilic aerobic systems have
been employed to biodegrade the wastewaters of high-
strength, and tremendous COD. teductions have been
reporied in both laboratory and pilot scale experiments
[51,52]; However, the thermophilic systems exhibited
poor bacterial flocculation  characteristics. due- 1o the
dispersed growing microorganisms. {no biofilm forma-
tion} which made bacterial separation from the treated.
efftuent difficult [53,54]. :

The fluidized bed biofitm reactors {FBBR; also called as

FBR) {in whidh particles move up.and: down within the
expanded bed in the well defined zone of the reactor)
have been used for more than wo decades for treating
industrial wastewater [35,56]. Immobilized bactevial sys-
tems configured as fluidized bed biofilm reactors (FBBRs):
offer some technical advantages. Since chemical wastes
are injected into the recycle, toxic chemicals are immedi-
ately diluted, which make: the microorganisms .more
resistant to direct chemical toxicity than many conven-
tional treatment systems. In addition, since FBBRs are
usually oxygenated by supplying air into- the recycle loop,
a-high level of microbial activity may be supported with
minimal air stripping of volatile chemicals.

Jesis and Owen {57} studied FBBR.-and they found that
the.use of small, fluidized media enabled the FBBR 1o
retain high biomass concentrations and, thereby, operate
at significantly reduced hydraulic retention times. In pilot
scale operations carried out by Jesis and Owen [57], they
reported that when the volatile solid concentrations were
between. 30,000 to- 40,000 mgl:! during deniuification
operation, 99% of influent nitrates could be removed
under hydraulic rerention times as low as ¢ min. In a
related study, Rabah and Dahab [56] during their evalua-
tion of the use of fluidized-bed biofiim reactors for nitrate
removal contluded that the FBBR system is capable of
handling an exceptionally high nitrate nitrogen concen-
tration. of 1000 mg(N)L-bwith very, high removal effi-
ciency, up--io 99.8%. The authors noted: that higher
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Table T: Productivities of different reactors employed for nicrification and denitrification/during the pretreatment of domestic or

industrial wastewater streams.

reactor)

Reactor Type Remaoval rates (Prdductivitieg or specific producﬁvitieﬁs) Reference
Mitrification Denitrification
Actvated sludge flocs (Single 24 nmot N g MLSS ! h & pimal N g MLES T v [65]
Sequencing batch - 19 mg NHj ‘h ! 13.5 mg N L/t {68é]
Chemostat {Continuous) 5.6 umaol NH, bt mg proteln’! 5.6 pmol N ! mg protein {67
Chemostat {Continuous) 2.6 pmal NH3 rl'mg protein” 4.1 pmol N ir! mg protein? [65]
Continuous 250 pmel NH, LT ‘ 400 prmol N Lt [69]

MLSS = Mixed liguor suspended solid

denitrification rates can be achieved at relatively low
superficial velocities because it is possible to maintain
high biomass conventration at Jower velocities. However,
there iz a minimum practical velocity below which
agglomeration of media would pceur and the process may
fail [56]. The efficiency of the FBBR can be up to 10 times
greater than that of the activated sludge system and typi-
cally pecupies 10% of the space mquued by stirred tank
reactors of simitar capacities |56]. Bigher biomass con-
ceptration’ in the FBBRs {40: 000 mgh-’) compared o
3000 mgi-! in the activated sludge have been shown 10 be
the reason for the greater efficiency-{58] -

Anaerobic treatinent of wastewiter in ﬂui-dized bed reac-
tors is another-area that has been studied extensively [59].
In this article, iza [59] presented theotetical basis for
design and operation of a fluidized bed reactor for anaer-
obic treatmnent of wastewater. The anaerobic fluidized bed
technotogy offers a number of advamages for treating
wastewater including high  concentration of biomass
attached to the dense support that makes it possible to
operaté them at high dilution rate without cell washout.
In‘these reactors no plugging, gas hold-up or channeling
OCOUTS!

Prior (o the development of TIASB, fnterest in anaerobic
treatment systems in wastewaler {Teatmeni- was scarce
[11]. Interestingly, the development of UASE saw a signif-
icant inciease in anaerobic removal of various chemicals
from the wastewater using these reactors. The examples
include anaerobic removal of pentachlerophenol [60,
nitrogen removal {61], dechlorination using Dehalospiril-
lum multivorns {62], anaercbic treatment of municipal
solid leachate [63], and starch degradadon [64]. More
studies on this subject have been reviewed in Veeresh et

al, [42] {anaerobic treatment of phenol and cresols in
UASB reactors). The success 0f the UASE concept relies on
the establishment of a dense shudge bed in the bottom of

the reactor which is usually a result of microbial growth
and incoming studge.

Seghezzo et al., [11] reported that in & pilot plant UASB
reactor, internal mixing was not optimal for treating sew-
age (4-20°C) which produced dead space and hence
reduced process efficiency. in order to improve the proc
gss efficiency, an adequate influent distribution was
sought. The use of effluent recirculation in combination
with a-talfer reactor (a larger height to diameter ratio)
resulted in the expanded. granular sludge bed {EGSB).
Usually expended bed reactors, as opposed to EGSB, have
biofilm that is adsorbed onto support particles. An exam:
ple of expanded bed reactor is that of Tsuno et al,, [43]
who degraded pentachlorophenol {PCP) in a biojogical
expanded-bed reactor anaerobically. In this reactor the
granular activated carbon was used as a support.

Generally; total nltrogen removal from domestic or indus
trial wastewater streams is achieved in two steps: micro-
bigl. nitrification of “ammonium - {aerobic  process]
followed by denitrification {anaerobic process) or reducs
tion of formed nitrate 10 nitrogen. This conventional
method employs a sequence of aerobic and anoxic proc-
esses in order to provide the two different environmental
conditions [65}. However, studies have shown that these
two important steps can occur simultaneously in one reac:
tor in a process called simultaneous nivificationand.den-
irification (SND). In SND process, nitdfication s
restricted to the outer oxic zone of formed microbial flocs;
whereas denitrification occurs predominantly in the inner
ancxic zones [65] To test the hvpothesis that SND is 2
physical phenomenon, Pochana and Keller |66] carried
out experiments to determine.the- effect of floc size on
SNB. Typical floc sizes as measured in their experiments
were 30 ~ 110 um, which is large: Such large floc sizes
could create an anoxic zone inside the flocs leading to
denitrification. Pochana and Keller {66} concluded that a
substantial anoxic mass fraction exists in the center of the
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biomass floc resuliing from an oxygen diffusion fimita-
tion into the floc. The rates of nitrogen removal {coupied
nitrification-denitrification  process) or productivities/
specific productivities are shown in Table 2. The sequenc-
ing batch and single activated studge flocs reactors require
some O, 10 effect nitrificadon (NOy /NGO, generation},
which Is the precursor for denitrification process,

In contrast to previous view that denitrification” otéurs
under anaerobic conditions {67] it (denitrification) has
been shown 10 occur under aerobic conditions with' a
wide range of bacteria [68,70]. Robertson and Kuenen
{71} observed that under fully aerobic conditions,
Thiosphaera pantotropha carries out the following reactions
sequentially and simultaneously, in the presence of a suit-
able electron donor such as acetate.

NOQM rrr——y N?Q ey NQ_

02 | m— HQO )

This implies that the organism can convertammonia into
nitrogen  gas . withoul . intermediary accumulation of
nitrite: Investigating the reason why this organism denjgri-
fies under aerobic conditions, Robertsen and Kuenen [72]
demonstrated that denitrifying enzymes were present
even when the organism was growing acrobically without
nitrate. _ : .

The last decade hay witnessed .an increased inferest. in
membrane bioreactors. for wastewater treatmenct. [73,74].
The membrane-aerated biofilm reactor {MABR), whereby
the biomass is immobilized on membranes through
which oxvgen is supplied seems to be the most promising
design. Results from studies with MABRs, have been
reported for the degradation of phenol [40], chlorophe-
nols [41}, xylene [75], and ammonia [76]. Stripping losses
of volatile organic compounds. are minimized, and the
oxygen pattial pressure in the gas compartment allows
pasy control of oxygen penetration into the biofilmy;- the
dissolved oxygen gradient across the membrane and the
biofilm offers an ideal environment for aerobic strains,
and foaming due to surfactants can be prevented [741. For
high strength wastewaters, the possibility of enhanced
oxygen penetration depths makes MABRs an aitractive
oplion. for pollutant biodegradation. However, {asey el
al. [74] reporied thai an excessive growth of biefilm is fre-
quently observed. Therefore, biofilm growth should be
controlled when operating this reacior. Although a signif-
icant amount of work has been performed on the use of
biofilm reactors in wastewater treatment, it is beyond the
scope of this article 1o discuss this work in greater detail,

Bioftims for gas and odor treatment

Traditionally, industrial waste gages have been treated by
physico-chemical methods known as adsorption, scrub-
bing, condensation, and uxidation processes [77]. Biolog-
ical waste .gas. weatment is  an  atractive  and
environmentally friendly alternative 10 physico-chemical
methods. Industrial waste gases can serve as energy ot car
bon sources for microbial metabolism. In additicn,
inorganic waste gases {H,5, NH;) may be treated directly
by employing autoirophic microorganisms which have
the ability to utilize CO, as a carbon source for anabolism
[78]. Koe and Yang |73] during their evaluation on how
to drastically reduce or eliminate the impact of air pollut-
ing emissions from wastewater treatiment plant suggested
that open sources of odorous emissions such as inlet
works, primary sedimentation units, aeration tanks, final
clarifiers, sludge processing units, and wastewater chan-
nels should be covered up and the odarous air be treated
before discharging to the ambient atmosphere;

The bipfilter, tricdding biofilter. and bioscrubber are three
major hioreactor designs frequently employed for the
rreatment of waste gas [ 78], A biofilter consists of a filter
bed composed of a carrier (sawdust, compost, dry waste~
water shidge, etc.} for the active microorganisms and as
nutrient source {77} Biofilters operate by facilitating the
transfer of odorous gas {rom waste air blown throogh the
biofilters into blofilms around particles of biofiiter
mediwm in which bacteria, fungi and other microorgan-
isms are immobilized. On the other hand, waste gas weat-
ment in trickling biofilters involves use of a biological
filter continuously fed with .z liquid medium and packed
with a synthetic carrier- on. which biofilms grow {77}
Trickling biofiliration has been used, especially ocutside
the United States, for removal of odorous waste gases such
as H,5.{80]. Several species of mictoorganisms can oxidize
hydrogen sulfide to form odotless sulfuric acid. Thiebacil-
ws thiiooxidans is capable of oxidizing H,8 at low pH [81].
For:effective H,S odor control, an ideal habitat for the
growth of sulfide-oxidizing bacteria should be created and
competing microbes which normally predominate in aer-
obic treatment processes should be excluded. De Beer et
al., [82] demonstrated that the channels surrounding the
cell clusters could increase the supply of oxygen and other
nutrients 1o cells within the biofilm, thus relating struc-
wre to function [14]. The biofilm structure appears to be
larzely determined by the production of slime-like matrix
of extracellular polymeric substances, which provide the
structural support to the biofilm [14]. The structire of
biofilms is largely determined by a number of biological
factors such as microorganism growth. rate, motility, cel}
signaling, and the production of extracellular polymeric
substances. The physical growth environmeint may also
play a significant role in the determination of the biofilm
structure [14], and hence the efficency. However,
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excessive biofilm development can lead to clogging of the
filter-bed of the reactor {78],

Biomass growth and biofilm development can be limited
by reducing nutrient supply although this may decrease
reactor performance since higher biomass growth shows
higher substrate consumption rates [83]. Therefore, it is
important to find a balatce between excessive Biomass
growth to prevent biofilter clogging and the odorous gases
remaval efficiency. Furthermore, waste gases that are char-
acterized by high concentrations of water-soluble pollut-
ants can be treated with bioscrubber. The bioscrubber
consists of two reactors, The first reactor is an absorption
column where pollutants are absorbed in a liquid phase.
The liquid phase goes to the second reactor, which-con-
sists of a filter with an activated carbon medium that sup-
poris microbial growth. The high bioactivity in the
bioscrubber enhiances conversion of waste gases into non-
hazardous and less odorous compounds. The effluent
leaving the bioscrubber can be re-circulated to the absarp-
tion column; this technology allows for good gas cleaning
when the gaseous pollutants are highly water soluble [77].

Ouengraf [78] reported that the rate of mass transfer of a
given compound 1o be removed or deodorized is deter-
mined by the product of the overall mass transfer coeffi-
cient, the total contact area in the column, and the average
driving force. Therefore, the absorption of 2 compound
will be higher if its concentration in the wastewater is low
and its solubility in water is high |78} The control of
operating parameters 1o the microorganisms in these bio-
reactors.can sometimes be challenging,

Production of industrial chemicals in biofilm
reactors ]

Biofilms and biofilm reactors in ethane! production.
Bland et al. {84] produced ethanol in an attached fitm
expanded bed bioreactor of Zymeomonas mobilis. The cells
of 7. mobilis were adsorbed onto vermiculite and the cul-
ture formed an active biofilm. Based on the tow! volume
of the reactor, a productivity of 105 gL-Th'! was obtained
at.a dilution rate of 3.6 h''. Usually, in a control batch.or
free cell reactor a productivity of <4 glith? is achieved.
The increased/enhanced productivity reported here s due
to the formation of active biofilm onto the adsorbent.

Adsorbed celts of Saccharomyces cerevisiae were used in a
packed bed continuous bioteactor 1o produce ethanol
{from molasses [4]. The cells were immebilized onto a sup-
port of nawral origin, possibly sugarcane bagasse, It has
been reported that the cells were immobilized by natural
mode, which is likely to be adsorption. The amount of
cells that was adsorbed onto this support was 0.13 gg?
support. [n this biofilm reactor, the authors reponted a
productivity of 28.6 gl-Th-! as compared to 3.35 gl-th- in

a free cell continuous process. The dilution rates in the
biofilm reactor and free cell continuous system were 0.47
h-tand 0.65 hrl, respeciively. Although immaobilized cell
reactors [such as this biofilm reactor} are typically oper-
ated at higher dilution rates than the free cell continuous
teactors, it is not clear why the authors used a lower dilu-
tion rate in the biofilm reacior. Since carbon utilization
for mewly growing cells was reduced, product vield was
improved as compared to a batch reactor,

Since jon exchange resins have charge on them, bacterial
celis can he adsorbed onto the resing thus forming biofilm
tayers. This concept was emploved by Krug and Daugulis
[85] to produce ethanol in high productivity reactors
using £ mobilis. To find a suitable adsorbent, 10 ion
exchange resins, activated catbon, and ceramic chips were
examined. A cationic macroreticular resin was shown to
be the most efficient adsorbent to immobilize cells of
Zymomonas mobilis. The immobilized cells were used in a
continuous columin and 100 gl! glucose was fed to the
reacior. As a result of formatdon of bicfilm, the reactor
productivity was measured at 135.8 gi-th'? (void volume
based productivity, Py, = 377.4 gL'h'). The reactor
stopped working due 0 excessive cell growth and pfug—
ging after a period of 200 h of operation.

Other reporis on ethanol production in biofilm reactors
are those of Kunduru and Pometto [86] and Demirici et
al. [8}. Kunduru and Pometto |86} studied ethang! pro-
duction in continuous reactors using biofilm supports of
polypropylene or plastic composite. Employing a culture
of Z. mobilis and a bacterial support of polypropylene, a
staggeringly high productivity of 536 gL-th'1 was obtained
at adilution rate of 15.36 h-'. In a control free cell fermen-
taton, a productivity of 3 gl Th'? was obrained ar a dilu-
tion rate of 0.5 hl. The biofilm reactor was fed from the
top, thus coliecting product at the bottom of the reactor.

Kunduru and Pometto [86] used another biofilm reactor
of 8. cerevisize adsorbed onto a plastic composite support
and reported a productivity of 76 gl Th'' at a dilution rate
of 2.88 h'l. The reactor productivity in a control reactor
was 5 gl-n! at a dilution rate of 0.5 b, Unlike the above
biofilm reactor, 8. cerevisiae biofilm reactor was fed at the
bottomn, and the product was obtained from the top, Tt is
suggested that for a proper comparison hoth the reactors
should have been fed in the same direction,

In order to enhance biofilm formation, Demirici et al. |8]
developed a new suppott material for the growth of §. cer-
evisiqe. A mixture of ground soybean hulls (or oat hulls),
complex nutrients, and polypropylene was extruded at
high temperature into disks and rings. It is likely that heat
sensitive. nutrients were inactivated during extrusion.
Also, polypropylene film may have covered the nutrients,
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Table 3: A comparison of production of ethano! in adsorbed cell biofitm reactors

Syster/Support Reactor Type Culture Productivity [gl-th1} Reference
Biofilm Reactors _
Resin Packed bed Z maobilis B358{P ) 74P 853
Yermiculite - * Packed bedd Z. mebilis 105.0 (P} 210 (P} [B41.
Sugarcane bagasze? - Packed bed:- S. cerevisiue 28.68 B L
Folypropylene - Packed bade Z. mobifis e 536c 88
Plastic composite Packed bed $. cerevisige ) 76¢ [88]
Cell Recycle CSTR Z. mobils i f88]
Batch/Continuous suspended coll {Control) i
Continuous C3TR  Z motille 50n {8é]
S. cerevisiae 508 © 18e]
Continuous CSTR 5, cerevisige © 335k e 41

a: The support was reported as an adsorbent of natural origin {perhaps sugarcane bagasse)

bt Nat reported whether based on total reactor volume or void volume
< Mot reported (possibly based on vo!d vclume}
d: Cone shaped
& Trickling packed bad
. Bgy— Productivity based-on total reactor volume
Py, — Productivity based on reactor void volume

thus making them "unavailable to the culture for cell
growth. Since no data have been provided on the time
period of formation of biofilin or thicknesy of biofiim, it
is difficult 10 compare this support with other suppaorts,

In a more recetit study, Qureshi et al. [87] produced etha-
nol in “a biofilm reactor of genetically  engineered
Escherichia coli from xylose. The biofilm was formed on
clay brick paiticles, and the reactor was operated continu-
ously {or 103 days. The réactor was operated at various
flow rates, and reactor’ productivity was found to be
improved compared (o a free cell batch process. Table 3
comipares ethanol productivities obuained in biofilm reac-
tors of various culures,

Biofilms and biofilm reactors for butenol production
Butanol is an imporant industrial chemical that can be
produced from a number of cadbohydrates using a
number of microbial culures, Butanol can be used as a
fuel and has higher/greater energy content than ethanel,
Praduction of butanol has been investigated in batch, fed-
batch, free cell continuous, immobilized cell continuous,
and el recycle continuous reactors (1], Continuous
immobilized cell and cell recycle reaciors offer higher pro-
ductivides than batch and freé cell continudus reactors. In
addition 1o achieving a high productivity, a major advan-
rage of immobilized cell technology is that there is no cell
washout at high ditution rates,

Adstrptian is a technigue which deés not require’ any
chemicals fot cell immobilization and can be easily per-
formed inside the reactor. Ity order 1o immobilize cells of
Clastridium acetobutylicun, the reactor is packed with an

adsorption support followed by inoculation with the cul-
ture. The adsorption process varies from 2-3 days to
weeks depending upon the culwre, support, and the reacs
tor. The cubiure forms Ltl fayers (biofilm) on the support
[5.:6.22].

An early’rep‘ort of adsorption of cells of C. acetobufylicum
for the production of butanol was that of Forberg and
Haggstrom {5]. These authors used beechwood shavings
to adsoarh cells, The reactor was fed continuously with a
glucose solution {and nutrient dosing), Over a periad of
time, an active biofilny was formed on the wood shavings,
and a reactor productivity as high as 1.33 gl-'ht was
observed {compared to <0.1-0.35 gl th tin control baich
fermentation}. This work was followed by experiments
examining the production of butanel in adsorbed ceil bio-
film reactor of C. acetobutylicum from whey permeate {6].
Tt should be noted that biofilm formation on this support
wag quick, and a reactor productivity of 4.5 gL-th! was
observed, which was superior to any previously réparted
butanol production systerny. - Following these reports,
Welsh et al. [89] investigated ‘the use ‘of a number of
adsorption supports for butanol producton by €. acer-
buiylicum in batch and continuous systems. The adsorb-
erits “used were voke, kaolinite, and Gel White {a
montmoritonite clay). Coke was reporied to be superior
to other supports for adsorption: A maxinmum concentra-
tion of acerone butanol ethanol {ABE) in the efffuent of
the reactor was reported 1o be 12-girt at a dilution rate of
0.1 b, thus resulting in a productivity of 1.2 gl Th ",

Tfollowing above reports; an intensive study was per-
formed on the adsorption of C. acefobusylicum on’ a
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Table 4: Biofilm formation characteristics of Clostridium acetebutylicum/C. bejjeringkil onto various supports

Support

Characteristics

Bonechar C. acetobutylicum culture

~ Adsorption is guick

- Bimass layers {biofilms) become visible in 3-4 days time
- Between day 2 and 4, the culture produces polysaccharide in high concentrations {2.04 glo! broth as compared to

0.95 gl-? broth from day 5 to 30)

- Once initial layers appear, biomass accumulation is quick
- Desorption does not occur at high dilugion rates
- < than 25% cells were desorbed when adsorbed cell particles were agitaved ar 200300 rpm (i shake f!asks on

shaker) at pH 2.7 for 18-24 hag 30°C

- During initial stages {24 days) the culture produced high concentrations of acids {(~6-9 gh-') followed by becoming

soiventogemc

- Duving solventogenic stages fluctuations in solvent concentrations were less

Glass beads C acetobutylicum culture

- Biomass accumulation takes much longer thar bone char

« Diuring initial seages {24 days) higher amount of polysaccharide production does not occur
- Cells do not stick to the support as firmly as anto bonechar

- Reactor produces <20% solvents as compared to bonechar adsorbed cells

- Reactors are not stable as salvent concentration fluctuates

. - Cells can easily be washed off

Glass wool, Polypropylene . acetobulylicum culture

tow, and stainless steel
wira bails

- <20% bivsmass accumulated than in bonechar packed reactor
- Cells do not stick to the support firmly and can be desorbed easily

- Reactors are not stable and poor solventogenesus occurred

Clay brick (Ref. 38) C. bejerinekil culture

- Cells stick firmly as in ease of bcmechar and reagfors wers solventogenic )

0.04 ¢
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Figure 2

Production of poiysacchar;de and accumulation of cell mass
during the initial 3 days of adsorption of cells of ¢ acetobutyli-
cum onte bonechar for the production of butanol from whey
permeate in 2 packed bed réactor, 1. Initiation of excessive
production of polysaccharide; 2. Maximum growth and
attachment starts; 3. Biofilms become visible and palysaccha-
ride produetion continues.

number of supports and ‘mof’ ilm formation (Table 4, 5]/ Tt
has been observed that C. acetobutvlicusm and C. beijerinckii

form visual biofilm layers in 2-4 days (in packed bed
reactors), and reactors become productive after 4th day of
continuous operation. The technigues of adsorption and
reactor: operation  have been  reported previously
[6,38,89}. Tt has been observed that not all the supports
are suitable for adsorption {Table 4). It has dlso been
observed that during biofilin formation onto bonechar;
the culture produces higher concentration of polysaccha:
ride between day 2 and 4. During this period, up to 2.04
gl-! polysaccharide production was observed as opposed
10 0.95 gl during day 5+30 {Fig: 2). As described in the
previous section, the arltures that were used for adsorp:
tion for butanol produciion have flagella, which perhaps
help bring the cells closer to the surface of support, In
addition, charge on the supportand cel is likely t6 aid in
initial adsorption or bringing the cells closer-to the sup:
port surface.

Someé supports accumulated more cell concentration (C
acerobutylicum) and were more solventogenic than the oth-
ers’ (Table 3}, At this stage, we are not aware what makes
some supports better than others for biofilm {ormation
and cell accumulation. From some supports it was éasier
to wash away the cells while from others such as bonechar
and clay brick it was more difficult (Table 4}, During our
studies on butanol production, it was observed that
approximately 0.9~ 1.0 gl-? cells were present in the effiu:
ent {7,950} of the reactor: We have demionstrated that the
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Table 5: Production of solvents in packed bed biofilm reactors.of C. acetobutylicumiC. beijerincidi

Culture/support Maximum Solvent [gl-1}

Mastimurn productivity

Accurnulated biomass [gl! Biomass accumulation [ag!

[el-th- reactor voi] support]
€. geetobutylicum
Bonechar 2.3 {0.30) - 6.50 (1.5) - 74.0 0.087
Gilass beads 3003 093 (03D _ : &5.0 0.044
Glass wool 3.0{0.10) 0.30 (0,10} ' ] it ; 0.050
Polypropylene tow 2.3 (0.25) ose(@2sy 08 -
Stainfess steel wire balls 2.0 (007} 05 {0.07) _ BERE!S -
€. beljerinclil- .
Clay brick {Ref 38] 7.9 (2.00) [5.8 (2.00) 737 0.093

Mumbers in bracket are dilution rates {iv!) at which solvent and productivity were obtained

- Values not calculated

cells that are present in the eflluent of the reactor are those
that grew on the surface of the support, rather than those

that grew in liquid medium inside the reactor [90], sug- -

gesting that a tremendous amount of activity occurs on
the surface of the biofilm in C. beijerinckii/C. dcetobutyli-
cum cultures. The thickness of biofilin that is formed in €.
acetobutylicum or C. beijerinckii cultures can range from few
cell avers to as many as 35 or more. Figure 3 shows
adsorbed cells and biofilm formed by C. acetobutylicum
onto- bonechar, Similar observations on biofilm forma-
tion were observed for C. beijerinckii [38],

Intensive research has been done on butanol production
in various types of reactor systems [1,39,91,92]. The bio-
film reactor systems that have been used for butanol pro-
duction include vertical packed bed reactor (PBR),
horizontal PBR, compartmentalized reactor, double series
reactors, and FBR. The PBRs and FBRs are different in the
sense that FBR is started with support <10% of its volume
while packed beds are filled up to 90% of their volume, In
packed bed reactors, as cell growth occurs, they are often
blocked due to excessive cell growth while in FBRs this
does not occur. In FBRs, the bed is fluidized either by recy-
cling fermentation broth, using anaerobic gases (N, or
CC; & H; in case butanol fermentation) or air (for other
aerobic systems). Cell growth occurs all around the
support particles and over a period of time the volurme of
biofilm particles becomes many fold greater than the sup-
port particle (Fig, 3, 4}, It should be noted that in FBRs cell
growth occurs on the particles in spite of broth's high flow
rates [44]. In this fluidized bed reactor liquid lfow veloaity
of the order 40-60 ms* was maintained. The reader is
advised that despite such a high flow velocity, the culture
rnaintains its growth as a biofilm. We have not calculated
the shear rate on the biofilm particles. The reactor was
used for the production of butanol from whey permeate
in continuous operation for >4 months {unpublished

results - Qureshi & Maddox). Newly adsorbed C. aceto-

burplicum cells onto bonechar grow in an exponential
manner. and. accumulation -of biomass continues with
time. Figtre 5'shows a-picture of a fluidized bed reacror

‘used for the production of butanol from whey permeate.

Among the various types of reactors used for butane! pro-
duction, adsorbed cell biofilm reactors {cells adsothed
onto bonechar and clay brick} offered the highest reactor
productivities. The reactor productivities that have been
achieved in these reactors ranged from 6.5 {39] 10 15.8
[38] gl-th'! {as compared to 0,10-0.38 gl-th ! in batch
reactors). Membrane céll reactors also offer high produc-
tivides {6.5 gl'h'') 193,941 however, biotilm reactors
were superior to these reactors (Table 5). Of the various
supports tested, bonechar and dlay brick were found to be
most suitable, and strong biofilms were formed on these
supports, C. acerobutyiicum wias adsorbed onto bonechar
while C. befjerinckii was adsorbed onto clay brick.
Attempis were made to desorb the adsorbed cells of C. ace-
tobutylicum. In order to achieve this, 100 g bonechar with
adsorbed cells (25 days old reactor) was transferred to a
500 mb conical flask. "The pH of the solution/reaction
mixture was adjusted o 2.7, and the mixture was placed
on a rotary shaker at 250 rpm for 18 1o 24 h. Afier this
petiod <30% celly were desorbed from the bonechar.

Biofilms in 2,3-butanediol production ,

In an attempt to’ improve feactor productivity in 2,3-
butanedicl fermentation, Maddox et al. [23] immobilized
cells of Klebsiella prewmoniae on to bonechar. The cells of
K. pneumoniae were adsorbed in a similar manner as C
acetobutylicum {6]. During the 2,.3-butanediol fermenta-
tion, a productivity of 11.7 gl:-Th ' was obtained, which
was the highest reporied productivity. Prior to this work
Shazer and Speckman |95} reported a productivity of 1.04
gl-thl in 2,3-butanediol fermentation using Bacillus
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Figure 3 _
Scanning electron micrograph of adsorbed cells of L. aceto-
butylicum P262 onto bonechar. a) bonechar {magnification

5500); b) adsorbed cefls onto bonechar (magnification 2200);

¢} transnission electron micrograph of adsorbed cells (mag-
nification 2300). Similar figures (3b, ¢} with different magnifi-
cation ware published previously in the following article: -
Qureshi M, Paterson AHJ, Maddax 15 Model for continu-
ous production of solvents from whey permeate ina
packed bed reactor using cells of Clostridium aceto-
butylicum imsmaobilized by adsorption onto bonechar,
Appl Microbiol Rintechnol 1988, 29:323-328. Figure 3 is
reprinted with permission from Springer, Germany (see
above article),
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Photographs of biofilm particles of C. acembutyhcum P62
used i 2 fluidized bed reactor for the production of butanol
from whey permeate. A) bonechar particles; B} biofilm parti-
cles after growth. {benechar particles are coverev:i with bio-
filrhy ayers) ‘

polymysa in a membrane cell reactor. This work clearly
demonstrated that bonechar adsorbed cells of K. pneumo-
nide result in superior productivities. Table 6 rompares
reactor productivity achieved in biofilm rteactor as com-
pared to varieus-other reactor types. It should be noted
that althaugh high reactor productivity was obtained in
the adsorbed celbréactor, cells did ot adearh on 1o bone-
char as strongly as ©. acetobutylicum. Rather, cells were
‘emrappéd iy between bonechar particles: However, it is
anticipated thal there were a significant amount- of ¢ells
sitting on the surface of bonechar ashonechar surface area
was large. At the end of fermentation, it was cbserved that
unlike cells of G acetobupricum, K preumonige cells were
washed awav.easily. It is not known whether K. preiimo-
nigte cells produce. polysacchatide which: addsffacilitates
adsorption-of cells 1o the surface of bonechar ot other sur-
facey, Fven ﬂmugl K: pnewmoniae cells do not-form firm
13}’2!‘8 of s:eﬂs, these Ieactors. are sﬂi highly pmducuve

Production of othés‘* t:hémicais iy Biafilm reactors

Other examples of pmductzon of-industrial chemicals
produced in biofilm reactors include acetic acid ‘orvine-
gar; lactic acid; succinic acid, and fumaric acid. Aceticacid
production in trickling bed biofilm reactors is a mature
technology and is exercised at the commercial level [13].
In addition to trickling bed biofilm reactor, a submerged
process was also developed in late 1940s. The acetic acid
is produced by one of the bacteria grouped in the two
genera, Gluconobacter and Acetobacter. The species that are
used commercially include Acetobacier aceti, A. pasiewr-
janus, and Gluconobacter oxydans. In the trickling bed bio-
film reacior (volume 60 m3), beechwood shavings are
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Table 6: A comparison of 2,3-butanediol productivity in a packed bed biofilm reactor with-productivitiesin other reactor types

Reactor Type Culture Substrate Productivity {gl.-Ilv!] Reference
Biofilm, continuous K. pneumonioe YWhey permeate FE7G 23
Batch {zontrol) A. aerogenes Glucose 110 98]
Continuous reactor {free cells) K. preumenioe Glucose 4,35 REn
iramobilized cell continuous K. pneumanide Whey permeass. 230 98]
Cell recycle, continuoys B. polyrmyxa Whey permeate 1.04 {957
Call recycle, continuous K. preumeonige Glucose 3.84 [99]
Cell recycle, continuous E cerogenes Glucose 5.40

C[100]

either due to space lmitation or studies are not directly
related to biofilm formation.

Biofilm reactors have also been used successfully for the
production of fumaric acid {108] and mineral ore treat-
ment [13], In'an interesting study, Cae et al. [108] used
plastic discs to adsorb cells of R. oryzae to produce fumaric
acid from glucose. The use of the biofilm reactor resulted
in an increase in reactor productivity from 0.9 gl-th-lina
free cell stirred-tank reactor to 4.25 gl-th-!in the biofilm
reactor. In the latter reactor, fumaric acid concentration
up to 85 glt was cbtained from 100 gL! glucose. The
fermenitation time was shorter and took 20 h as compared
to 72 h in the free cell reactor.

Succinic acid is a chemical that has been produced in bio-
film reactors. The industrial potential for succinic acid fer-
mentation was recognized as early as the late 1970s 109}

Succinic agid (HOOCCH,CH, LOOH) is: a dicarthoxylic
acid, which can be used as a feedstock chemical for the
production of high value producta such as 1,4-butanediol,
tetrahydrofuran,  adipic acid, ybutyrolactone, and n-
methylpyrrolidone {109] for applications in agriculiure,
food, medicine, plastics, cosmetics, and textiles. In a
recent study on succinic acid production using Actinebacil-
lus succinogenes, Urbance et al. [110] employed the cus-
tomized plastic. composite support {PC8)} [111] and 20
other different PCS blends with and without mineral salt
additions and evaluated 20 simulated repeated-batch
fermentations using MgCQ, for pH control and CO,
supply. The customized plastic composite support {PCS)
blends were screened for biofilm formation and succinic
acid production. Succinic acid concentrations, percentage
yield of succinic acid, and biofilm formation for each PCS
blend were determined and no correlation between bio-
film. formation and succinic acid production was
observed. However, the customized PCS blend for A. suc-
cinegenss. in. succinic acid production demonstrated 70%
yields for succinic acid compared to 64% vield for sus-
pended cell bioreactor {110} Table 7 shows production of
various chemicals in biofilm reactors.

Enhanced rates of production of chemicals in
biofilm reactors

Length of eperation of biofiim reoctors ‘
Packed bed reactors often hlork due to excessive cell
growth. It should be noted that reactos blockage depends
on a number of factors including cell growth rate, packing
density of the support, and supply of nutrients. This type
of reactor has been operated ranging from 2 weeks to 3
months, Tyagi and Chose [4] used a packed bed biofilm
reactor of S. cerevisiae for a period of 35 days, while
Quureshi et al. [§7] used a packed hed biofilm reactor of E.
coli for.a petiod of 103 days lor ethanal production in
continuous operation. However, it was observed that
packéd bed biofilm reactors of C. acetobutylicum/C. be?jm—
inckii blocked sooner than 103 days due to enhanced cell
growth of these culures. In order 1o prolong life of the
reactor, feed media deficient in nutrients should be
atternpted as used by Qureshi & Maddox {6} and Qureshi
et al. [90]. Tt has been observed that this type of reactor
blocks at the bottom where fresh feed allows excessive cell
growth. In the upper part of the reactor, minimal grawth
occurs due to product inhibition as in case of butanol and
ethanol production. In such cases, inverting the reactor
can prolong life of reactor. In addition to the reactor
blockage due to excessive growth, influent 1o the reactor
plays an important role in prolonging life of the reactor.
Reactor feed may coniain suspended and particulate sol-
ids, in particular with wastewater influents, which may
block the reactor. 1t is suggested that such influents be £l
tered or centrifuged o remove suspended and particulate
solids to prolong reactor’s life.

Fluidized bed reactors do not block due to excessive
growth and they can be operated fora long period of time
{>4 months). It is also viewed that UASE and LGSB can be
operated for long periods. Table 8 shows length of opera-
tion of different reactors for the production of various
chemicals, their productivities and dilution rates. Biofilm
reactors are highly productive as compared to othe; reac-
tor systems. The reader is advised to refer the
production of various chemicals in bicfilm r{zactor
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Table 7; PFroduction of various other chemicals.in bigfilm reactors

Product/Reactor Type Adsorption suppurt ‘

fcotic acid

Trickling bed biofilm reactor
Lactic ackd

Agitating continuous reactor
Furnaric acid

Rotary continuous reacior

Strivred-tank {control)
Suecinic acid

Repeated batch fermentations

Beechwood shavings
Fibrous bed (cloth}

Plastic discs
MNone

Plastic discs

Productivity [gl-th'] Reference
167 (120) i
25 (126). 37
425 (85) [108]
091 [1083
. [rio]

Mumbers in bracket - product concengration in gb-!

systems {in this article) to be able to compare their pro-
duction rates with the other non-biofilm reactor systems.

Barriers in biofilm reactors

In adsarbed cell ‘biofilm reactors of ¢ ae‘étbiiut}flizwﬁ, it
was identified that there were four different cell types:
growing cells, butanol producing cells, dead cells, and
inactive cells {non-growing, nutrient requiring) [7]. Cells
that were involved in butanol production were only a frac-
tion' of the total cells. For example, the concentration of
cells in the reactor was approximately 74 gl-!, while the
butanol producing cell mass was <10% of the total cells.
The amount of dead cells or spores occupied most of the
space in the reactor. Tt is viewed that if sporulaion is
blocked, the reactor productivity could be increased by
many fold. This would improve the process economics of
butanol production in biofilm reactors. At this stage we
are not aware if this is applicable 1o the other organisms
suchi #s ethanol, 2,3 -butanediol, succinic, acetic (vinegart},
lactic and fumaric acid produicers. Tt Is suggested that this
be investigated for the cultures that produce these chemi-
cals. Tn UASB infernal mixing is not optimal which
reduces efficiency of the reactor [11]. This produces dead
space in the reactor, For that reason expanded granular
sludge bed {EGSB] are investigated J11].

Diffusion Bmitations

Usually biofilms contain multple layers of cells. The
thickness of the biofilm may vary from a few to many gm.
An increase in the biofilm particle diameter affects hydro-
dynamic conditions in the reactor inctuding fluidization
characteristics etc [59]. 1n order 1o measure the thickness
of biofilm in C. acelobutylicum culture (PBR}, an eléctron
transmission micrograph was taken of a pariicle and it was
identified that the biofilm was made up of >30 cell layers
(Tig. 3¢). In order for the cells 1o be active and be taking
part in the reaction, nutrients and substrate must diffuse/
penetrate to the innet lavers of cells. However, it is likely
that the nutrients and substrate are used up by the outer

cell Jayers before they reach the innermost cell layers. If
this is true, the innermost layers would neither survive not
take part in the reaction. Another example where the
thickness of cell layers is an important consideration is
bioparticlés in a Aluidized bed reactor. In'these reactors'the
size of the bioparticles is much higger than the bioparticle
in PBR and cell lavers are »530. Accurmnulation of so many
cell layers adds to the diffusion resistance to the substrate
and nutrients. In arder to keep the diffuston resistance to
a minimum possible level the size of the bioparticle
should be kept to a minimum level while still keeping
productivity of the reactor high. This should inecrease the
rate of reaction and benetit the process economics.

In aerobic biofilm procésses, such as oxidative degrada-
tion of toxic chemicals and production of acetic acid in
trickling bed biofilim reactots, a constany supply of oxygen
is essential, The oxygen should be dissojved in the liguid
and be transported to the innermost layers. The penetra
tion depth of oxveen should be 100% of the biofllm thick:
ness. If the bioparticle size is large, theni the iimer layers
would be starved of oxvgen and the cells would die thus
decreasing the conversion efficiency of the process. Supply
of oxyeen tather than air 1o the reactor would improve dif-
fusipn of oxygen to the inner lavers; however, #t would
add to the cost of the process. Herice, size of the Mofilms
should also be kept 1w low 1o keep the reactor productive.
In aerobic wastewater biofilm reactors oxygen is an
impottant substrate/nutrient {12}, For anaerobic systems
Oxygen is {oxic. ‘

In addition to the above limitations, an additional limita-
tion comes from the 1oxicity of product/s itself. Many of
the fermentation products are toxic to the cells that pro-
duce them, Examples of such toxic products are those that
have been described in' the earlier sedijon of this article.
Butanol 15 1oxi¢ to the cells of C. acetobutylicum/C, beijer-
inckif and at higher congentrations it kills the cells. In the
biafilm layers, the ditfused stibstrate is converted 1o the
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Table & Length of qperatwn of various bmf‘lm reactors used fer the. pmductmn of d:fferent rhemncalq

Dllutlor; rFats [h g

f:he-mucai- Fmducgd o Reactor Type . s ‘Length of operatmn S Reference
T e AT e o {Days] (Productmty [gL -y ‘) i R
Butanol. " Packed bed - 61 days _..-'o_.m-{u.aa (098-410) el
o Fluidized bed - : 34 moiichs. 03-1A7(1ER-510) - Lﬁhpubﬁshed datal
Lactic aeid Yarious réa;tor‘s_ e Ravmwed i ref 79 (Tahue L B IR EE R [37}
Ethanol Packed bed 35 dape 7 0124048 (7.80-28.60) S
L Packed bed 103 days 004012 (1.10-2.58) R -7
Packed bed 60 days 0.50-5.76 (5:00-72.88) - [HE]

EQureshi & Maddox
~ Mot reported

praducts such as bittanol. It is not known how quickly the
produced butanol diffuses out of the cell layers. It is con-
ceivable that accumulated butanol or otlier chernicals kill
the cells before it s diffused out. Tt is also likely that a
combination of autrient deficiency and {oxmi) affects the
cells more adversely.

iﬂ&ustﬁaiipi!ot-piant levei biofi lm reactors
Wastewater treatment !

Biolilinreactors have sutcesgfully been used in wastewater
treatment [9-12,43,59,61]. In these industrial biofilrn
reactors  cell 'mass concentration as high as 30240 gL
could be ‘maintatned 12,58} As a result of superior
efficiency, biofilm reactors are being used throughaut the
world with a number of {ull scale application for indus-
trial and wastewater treatment, Examples of these reactors
operating in The Netherlands and Brazil are shown in Fig,
G.

Acetic acidivinegor production

Commercial production of acetic acid or vinegar using
biofilm reactors has been exercised for many years. Pro-
duction of these chemicals has been reported by Crueger
& Crueger {13]. Large biolilm fermentors of size up to
60,000 L have been used. Often beechwood shavings are
used as a support for biofilm formation. For this system,
trickling bed reactors have been used with an exit prodict
concentration up to 120 gl- and a productivity of 1.67 gb-
!, A description of the process has been given in previ-
ous sections.

Butanol production

Butanol production in biofilm reactors has been practiced
in numerous - types. of reactors at laboratory. scale
[6,38,39,44] with supertor productivity to bawch, fed-
batch, and free cell continuous fermentations. Two of the
most prominently used reactors are packed bed and fluid-
ized bed reactors. It these reactors, productivities of the
order of 4.5-15.8 gL Th ! have been achieved as compared

- Other processes

- Production of other industrial
- acid and 2,3-butaneédiol should be exercised at pilot plant
level, Nicolella et al: [12] reported that biofilm reactors

to pmdumvmeq of 0 0. %S gl il in batch FEACLors,
Given the scemario of increasing petroleum . prices, it is
suggesied that fluidized bed reactors be scaled up to pilot
plant level “inview 't6 further commercialize this
fermentation. e

chemicals such. as factic

dre i operation at industrial scale throughout the warld.
Use of biofilm reactors is anticipated to be economical for
the production of these industrial chemicals.,

Future directions & conclusions

A comparison of biofilm reactors with other reactor sys-
temis suggests that biofilm reactors are simple and offer
higher productivities than other reactor systems. In bio-
film reactors, cells can be adsorbed within the reacior
without the use of any chemicals, and the reactors can be
operated for long period of times. This would help in
reducing the process cost. These reactors are already in use
for wastewater treatment and acetic acid/vinegar
production by fermentation. It is clear that their use at
bench scale has been consistently inceasing for the pro-
duction of various other chemicals. As productivities in
these simple biofilm reactors are high, their full potential
should be employed for biotechnological/bielogical
conversion processes. For further reading on biofilms and
their formation, the reader is referred 1o the comprehen-
sive articles published by Costerion et al, [112] and
O'Toole etal, 1113}
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Figure &
Full scale biofilm reactors: (@) biothane biofilm airlift suspension and expanded granular sludge blanket (Biobed) reactors at
Gist Brocades, Delft (The Netherfands}); (b} Pagues CIRCOX (foreground; 140 m?) and internal circulation {background; 385"
m¥) reactors at a brewery in Brazil, Reps inted from “Nicolella C, van Loosdrecht MCM, Heijnern §: Particle-based biofilrn
reacmr technolmgy Trends in Bmmchm ogy 2000, 18: 312320, with permission from Elsewer, United Kingdom.

Note

** Mention of trade names of commercial products in thig
article is solely for the purpose of providing scientific
information and does not imply recommendation or
endorsement by the United States Department of
Agriculture,
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